
PITTSaU—ET C F/S 13/a 
‘N
”

~~~~~~~
:AOU

O63 CSTINGHOUSE RESEARCH A

~~~

DEVEL

~~~~

NT CENTh

!O!:!!O;!ETC
U,INVESTIGATION OF WELD POOL STRUCTLME AND PR

LASSIFIED 18 9D~4 PULSE R1

Oe 20e 3

___ _  __ _  
_ 

U.)r.
_ _

___ ___
END

3 ~79
Dot

p _ _ _



1• 0 
~L ~ 315 2 2
~~~~ II

3.5
d 4 2 0j •j  ‘~ 140 =L. ~~~ =

_____ 

i~’ IIIP.
~• P 5  nn~1f~~•



78—9D4-PULsE-Rl 

~~~

INVESTIGA TION OF WELD POOL STRUCTURE AND /
PROPERTY CONTROL IN PULSED ARC WELDING (

~~~~ G. M. Ecer — Principal Investigator /
G. C. Lessmann — Project Manager I
Westinghouse R&D Center ( (-~
A. Tzavaraa - Visiting Professor 

/
H. D. Brody — Project Director
University of Pittsburgh

Annual Progress Report
For Period September 15, 1977 through September 14, 1978

October 31, 1978

Office of Naval Research
C...) 800 North Quincy Road

Arlington, VA 22217

Scientific Officer : Bruce A. MacDonald (Code 471)

I J D C

r-~-~I ~~~~~~I ~~~~~~1. ~~~~~~~~~~~~~~~~

, 

Westinghouse R&D Center
1310 Beuiah Road
Pittsburgh, Pennsylvan Ia 15235

18 11 15 O2~
—_ -  S”- -- — —



)
INVESTIGATION OF WELD POOL STRUCTURE AND I

/) PROPERTY CONTROL IN PULSED ARC WELDING /(_ 
~~~~‘ . .  ~~~

__.— 
~~ 

/

(‘ T h f G~J~I.J Ecet]— Principal Investigator
C. C. Lessmann — Project Manager

~~estinghouse R&D Center

A. Tzavaras — Visiting Professor
H. D. Brody — Project Director
University of Pittsburgh

c~ ~ Annual ~
‘rogress 1(ep~~ t /~~ 77 

~~~~~~~~~~~~~~~~~ 

\- / ~~~
~~ ~Fo~~P~~tad sept~mbE , 177  rou~h~~eptember 14, 1978

.~~~~~~~~~ ; ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

±~
L

~~~ 

O c i  - 

7

Off ice of Naval Research
800 Nor th Quincy Road
Arlington, VA 22217

Scientific Officer: Bruce A. MacDonald (Code 471)

j 57 ~~~j / / ,/ ’ ~~~~~~~ ” /H

~~‘ ? ~~~~~

e~r ~~~~~~~~~~~~~ 

: fl C~E*

‘~

H
I. ~.~esti nghouse R&D Center1. (~f 1310 Beulah Road ~Pittsbur gh , PennsylvanIa 15235 /

I 
_ _ _ _ _ _ _  

11 ~~~~~



-~~-~~~~~~-~~~~~~~~~~~~~ -. —----- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

TABLE OF CONTENTS
Page

LIST OF FIGURES ii

LIST OF TABLES iv

ABSTRACT V

FORWARD vii

1.0 PROJECT DESCRIPTION 1

2.0 INTRODUCTION 3

2.1 Background on PC—GTAW 5

3.0 METHODOLOGY 8

3.1 Analytical Study 8

3.2 Experimental 11

3.2.1 Material Preparation 11

3.2.2 Welding Equipment and Procedure 12

3.2.3 Metallography 13

3.2.4 Cinematography 14

3.2.5 Temperature Measurements 14

4.0 RESULTS AND DISCUSSION 15

4.1 Temperature Measurements 15

4.2 Measurements of Growth Rate 19

4.3 Computational Estimates 21

4.4 Comparisons of Computational and Experimental Data 24

4.5 Melting Efficiency 25

4.6 Effects of Pulsing Parameters 26

5.0 SUMMARY 28

BIBLIOG RAPHY 30

i

—- — —k-



~

LIST OF FIGURES

Fig. No. Title

1 An idealized pulsed current waveform and associated
definitions.

2 Comparison of data on temperature profiles on Adams
equation and the new model.

3 A pulsed current waveform typical of those utilized in
this study.

4 Cross—sectional view of the clamping fixture.

5 Arc voltage—current characteristic.

6 Time—temperature profiles at four thermocouple locations
during welding of sample J—7.

7 Effect of pulsing times and velocity on temperature
fluctuation, ~T, as computed from the model.

8 Effect of pulsing frequency on temperature fluctuations .

9 Local rates of solid growth during low pulse time for the
Weld No. J—7.

10 Scanning electron micrographs of the weld No. J—7 shoving
ripple formations, solid state transformation boundaries
and cells.

11 Scanning electron inicrographs of the weld No. G—5 showing
ripple formations, solid state transformation boundaries
and cells.

12 Scanning electron uiicrographs o the weld No. F—3 showing
ripple formations, solid state transformation boundaries
and cells.

13 Estimated thermal conductivity, k, of Fe—26Ni model alloy.

14 Estimation of specific heat, C~, for Fe—26Ni alloy.

15 Estimated thermal diffusivity of Fe—26Ni alloy.

16 Relation between rate of heat input , Q, and bead width , d,
for full penetration welds on 0.081 cm thick Fe—26Ni
alloy for the three arc travel speeds used .

ii

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- . - ~~~~~~~~~~~~~~~~~~~~~ .— --..—

LIST OF FIGURES (cont .)

Fig. No. Title

17 Temperature profile along the weld axis just before the
end of high pulse current (computed) .

18 Temperature profile8 along a line normal to the weld axis
at the point of arc impingement at three different times
from the end of high pulse current (computed) .

19 Effects of total arc energy per unit length, H, and arc
travel speed on melting efficiency.

20 Effects of high pulse current for constant 
~b’ ~~~ and t

b.

21 Effects of t , or pulse frequency, on melting efficiency,
nugget area rand the ratio of front and back bead widths.

22 The effect of increasing pitch on the melting efficiency ,
bead width and df/db ratio.

I

iii ~~

— —

_______________ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— -. — - - - - 

~. ~~~~~~~~~~~~~~~~~~~~~~ -_-~-- 

~~~~~~~~~~~~~~~~~~ I
LIST OF TABLES

Table No. Title

1 Comparison of the maximum bead width dimensions for
continuous arcs predicted by the Wells’ equation (49)
with those by the present computer model.

2 Symbols, definitions and units of process parameters
studied.

3 Pulsed current GTA welding parameters.

4 Chemical analysis of the base metal used in this
investigation, in wt%.

5 Experimentally measured temperature gradients. .~~~~

6 Rate of solid—liquid interface movement in weld No. J—7,
as determined from high speed movies.

7 Bead width measurements.

8 Heat transfer efficiency for the full penetration welds.

9 Rates of heat input during high pulse times of selected
welds, calculated by assuming Q (t~,) 0.

10 Computed rates of movement of solid liquid interface for
the weld No. J—7.

11 A list of H, H and ~i values for the welds.m 2

_ _ _ _ _ _  

iv



R&D Report 78—9D4—PULSE—R1 October 31, 1978

INVESTIGATION OF WELD POOL STRUCTU RE AND
PROPERTY CONTROL IN PULSED ARC WELDING

G. M. Ecer , Principal Investigator
C. C. Lessmann , Project Manager

Westinghouse R&D Center
Pittsburgh , PA 15235

A. Tzavaras, Visiting Professor
H. D. Brody, Project Director
University of Pittsburgh

Pittsburgh, PA

( ABSTRACT

Initial findings on a study of the pulsed arc welding solidif i—
cation structures are reported. Full penetration pulsed current gas

tungsten arc welds in Fe—26Ni alloy sheets were dimensionally and

structurally analyzed. Temperature profiles at various locations of

several weidments were recorded and weld pool kinetics were studied

using cinematography, conventional and scanning electron metallography.

A two dimensional heat flow computer model of the pulsed arc welding

was developed. Experimental data were comparatively analyzed against

the early predictions of the model. Thermal conductivity and thermal

diffusivity of the alloy, as well as heat transfer efficiency of the

pulsed current GTAW process were estImated for use as computer input.

In addition , melting efficiency of the process under various sets of

pulsed welding variables was determined.

The effort so far has established an experimental and a

computational approach for studying the full penetration welding

under pulsed current gas tungsten arc. The agreement between the

experimental and calculated data was good with regard to temperature
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t~mperatUre 
gradients and the G/R ratio

. Additional work

~~ 
,,p.ded to further 

refine the computer model in 
estimating local

rates and solidification 
times. Heat transfer and melting

effIIu IenctCS of the PC—GTAW process 
improved with increasing arc

trn”~ 
speed, low pulse current and total 

arc energy.
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Kreriicky, and Mr. J. Casper have helped in metallographic specimen
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1.0 PROJECT DESCRIPTION

Current pulsation in arc welding can be tailored to produce

periodically changing cooling rates along the weld seam thus affecting

the primary and secondary solidification pattern of the weld pool. The

mode of solidification, on the other hand, substantially determines the

weld metal properties , by influencing grain size and orientation,

phases precipitated as well as the segregation processes. The wide

range of solidification rates which are possible with pulsed current

arc welding processes make them highly desirable methods for controlling

weld properties. Development of methods of weld structure control can

product significant improvements in weldment properties and reliability

with considerable economic benefits. In this regard, this project,

“An Investigation of Weld Pool Structure and Property Control in Pulsed

Arc Welding” was funded by the Office of Naval Research. The overall

übjective of the program is to control weldtnent properties by establishing

relationships between the properties and pulsed current welding process

variables.

Under the ONR Contract N00014—77—C—0596, work began early in

1978, with the University of Pittsburgh acting as a subconttactor to

Westinghouse. The first year’s effort was focused on the development

of a predictive mathematical model of pulsed arc welding of thin sheets
(two—dimensional heat flow) , establishing the experimental techniques

to develop physical data to correlate process variables to weld solidif i—

cation structure, and comparative analysis of experimental data and

model predictions for fur ther  refinement of the computer model. These
effor ts  involved the following specific tasks on which Westinghouse

and the University of Pittsburgh have worked either separately or

concurrently .

1. Review of literature on pulsed current welding with

emphasis on solidification related work.

2. Weld specimen preparation

:1



~

(a) Model alloy (Fe—26Z Ni) melting and fabrication ,

(b) Heat treatment and x—ray characterization of the

model alloy thin sheet specimens.

3. Establishment of pulsed current welding procedure for thin
sheets (full penetration welds):

(a) Construction of a welding fixture ,

(b) Selection of electrode shape and arc length,
(c) Characterization of pulsed current waveforms,

(d) Characterization of the arc voltage—current relation-

ship for the pulsed current welding power supply.

4. Preparation of PC—GTAW specimens.

5. Macro examination of the welded specimens, i.e., bead

dimensions, grain and ripple morpholo gy.

6. Microstructural analysis .

7. Temperature measurements at various locations of veldments.

8. Initiation of a cineisatographic study of weld pool kinetics.

9. Development and initial refinement of a two dimensional

heat flow computer model of the pulsed current arc welding

process.

10. Comparative analysis of results , experimental and predicted ,
and preparation of a progress report covering 1978 work .

In the coming years, efforts will be focused on the refinement

of the computer model to accommodate more realistic welding conditions

determined through experiments and the extension of both the experimental

and modeling work into three dimensional heat flow situations in pulsed
arc welding. In addition , effects of pulsed arc welding on segregation

processes will be explored with the intent of studying hot cracking and

hydrogen embrittlement problems under pulsed heat input conditions.

Predictive capability of the refined model will then be tested on several

more complex commercial alloy systems.

2
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2.0 INTRODUCTION

Weidment quality, for the moo; part , is a function of the

solidification process in the weld pool. All three types of solidification

related defects, i.e., segregation, inclusions and porosity , are directly

related to the structure of the weld which in turn influences the quality

of the joint.

Although the literature abounds with references relating

welding procedures and techniques to mechanical properties , relatively

few deal with the study of the solidification structure of welds per se~~~
4’.

Naturally , even fewer papers deal with methods for controlling the

solidification structure and the ensuing problems~
5 8

~ , and more so for

particular types of welding such as pulsed arc welding~
9’. I~ ~ppears ,

however, that in eastern countries at least two research gr~iups have

been working with the solidification structures produced in p~fLsed

welding~~O~
h]) 

and claims of controls for these structures have been
(11)made

The technique of pulsed arc welding combines the good features

of a high current such as good penetration and steady arc with the

advantages of low currents such as smoother bead , no burn throughs and

better energy and material usage . Thus a number of tough welding problems

have been successfully treated with this technique , but mostly on an
(9)empirical basis

It is believed that this technique can be further refined and

improved substantially if the relationship between the operating
parameters and the resulting solidification structure is established.

This is because of the increased possibilities for control variations

that this technique introduces . In other words this technique of fe rs
a new poten t ial f or con t rollin g the so l i d i f i ca t i on condit ions in the

weld pool ; but the new potential can be exploited only if the basic

processes occurring in the weld poo l und er pulsed we ldi n g are resea rched

and understood well. For instance , e f fec t ive  grain size control can
improve substantially not only the s turc ture  but , through structure , the

(12)cracking behavior of the weld

3
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In general, the larger the individual dendrites the larger
the defects in the related solidification structure~~

3
~. The main

advantage of controlling the solidification structure of a weld with

physical rather than chemical means is the general applicability of the

method without the problems a chemical refining agent may cause later

(brittleness because of precipitation, selective corrosion, segregation,

etc.)~~
4
~. Therefore, a weld with a refined solidification structure,

achieved by physical meat~~, is a very desirable weld.

It is clear, that in order to achieve desirable solidification

structures in pulsed welding, a detailed understanding of the relation

between the operating parameters, such as the current—time profile and

other characteristics of the applied currents, on one hand and the

resulting solidification structures on the other, must be established.

The present knowledge in this area is rather 8ketchy and at best, semi—

qualitative 
(15)

In approaching this problem, it was realized that a combined

effort, experimental and analytical, was necessary in order to produce

the information needed for the development of a model which would

correlate process variables and solidification structures for pulsed

welding. Thus, a mathematical model simulating heat flow in pulsed

arc welding and an experimental set—up for actual pulsed welding were

developed to implement this effort. The object of this dual effort

was to make possible for each approach to mutually assist and improve

the other continually so that the best information could be produced

towards the development of a general model, as realistic as possible,

for pulsed arc welding. The research effort expanded within the first

year of the project is reported in the following pages, after a brief

review of pulsed current gas tungsten arc welding (PC—GTAW). Portions

of the first year’s results were presented at the 1978 AIME—TMS Fall

Meeting in St. Louis, Missouri, and will be submitted for publication
in the conference proceedings.

r
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2.1 Background on PC—GTAW

Pulsed current welding is a relatively new process variation
that has been applied to a variety of welding processes including gas

tungsten arc , gas metal arc , shielded metal arc, electron bean, plasma

arc, submerged arc, and laser welding. Literature on the subject has

already grown to an impressive size. Over 250 articles have appeared ,

mainly in Russian journals, within the last 15 years. Much of the

interest in the pulsed current welding has been in its application to

GTA welding. This is reflected both in the number of technical articles

published on the subject and in the number of PC—GTA welding power

supplies sold in the U.S. Close to 45% of all GTA power sources sold

within the last year by Hobart Brothers, f or example, had built—in

pulsing capabi1ity~~
6
~ . A definite surge in sales of PC—GTAW power

(17)
supplies was experienced by another manufacturer in recent years.

Pulsed current, in GTA welding, produces a continuously welded

seam consisting of overlapping arc spot welds. In its simplest form

welding current is switched between a high level that produces the arc—

spot weld and a low level that only serves to maintain the arc. Figure 1

describes the terms that are often used in process descriptions of

pulsed current welding. Most often, pulsing occurs at the same polarity;

however , there are variations that utilize current waves of reversible

polarity.

Because the weld pool is allowed to cool between pulses, and
the heat is dissipated in the work, the effect of heat build—up or

disparity in heat sink is largely overcome~
18
~. Some investigators~

19 2
~~,

therefore, report much better penetration control with pulsed current

GTA than with steady current GTA. Slag build—up problem which is common

in welding certain steels like maraging steels is eliminated~~
8
~ as well,

for the same reason.

In steady current GTA welding, the thermal surplus between the

heat input due to the arc and the heat removed by the work causes melting.

Variations in either heat input or heat sink lead to changes in the 
degree5



of melting, which may then result either in lack of penetration or drop
through of the molten pool. A skilled operator can partially overcome

this difficulty, in manual GTA welding, by manupulation of the welding

gun and/or the cold filler wire. However, in mechanized welding,

variations In the heat balance lead to significant variations in the

joint~
18
~. This last factor is largely avoided by the use of pulsed

current welding techniques which exhibit considerable tolerance to such

external variables as joint geometry, clamping or fit up, dif fe rences
in thermal conductivities of metals being joined and other factors

causing variation in thermal heat sink~~
8’20 ’22’23~ .

The operating tolerance arises largely from the fact that

during the low current periods , the weld pool formed by the preceding
pulse of high current solidifies rapidly , the heat being dissipated in

the mass of the weidment. Each subsequent pulse starts on relatively

cool plate, thus minimizing effects of heat buildup~
22
~ and disparity

in heat sink~~
8
~. Consequently, pulsed current welding is particularly

suited to mechanization, and can be automated by having some parameter

of the weld, i.e., penetration, automatically monitored and used to
adjust the pulse current amplitude or duration to maintain a consistent

(18)weld bead

For a given penetration weld using pulsed current and conven-
tional GTA welding, it has been shown~

20 ’24 27
~ that the heat input Is

consistently lower for pulsed current welding than for conventional GTA

welding. In the former case, energy is delivered through the anode
spot more rapidly so that local melting occurs before there is any

signif ican t loss of heat by conduction~
28
~. Consequently , a larger

portion of the workpiece is melted in PC—GTA than in CIA if the heat

input is held constant. Conversely , if the volume of workpiece melted

is held constant, PC—GTA should require less heat input.

Almost without exception , to achiev - the best weidment

• I properties , it is preferable to accomplish the necessary melting with

minimum energy Input. PC—GTA welding, with Its lower heat input and

_ _ _  -. 
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higher intensity heat source than conventional GTAW leads to reduced
(29—31) (10,11,32—35)residual stresses , structural refinement , higher

resistance to hot cracking~
33’35~~

7
~, reduced width of the heat—affected(19,35) (11,24 ,29 ,32,33,35)

zone and improved mechanical properties

The higher level of current (high pulse current) can be

typically two or three t imes greater in magnitude than the steady current

which could be required of conventional CIA for the same joint. This

means that a considerably stiffer~
38’39

~ welding arc forms during pulsing(20 ,31,40,41)
which in turn results in deeper penetration and increased

(42—45)
arc stability

Other benefits of pulsing the current in GTA welding inc1ude~
46
~

a reduction in operator skill level and fatigue in manual welding due to

the lowered need for electrode and filler metal manipulation, and

minimization of foot pedal current control. Pulse current control may

be regarded as an added tool available to the welding operator which

will extend his skill level, and assist significantly in achieving

reproducible weldments.

Pulsed Current—GTA process has been employed in welding a

wide variety of materials and material thicknesses that range from foil

gage to heavy plates. Considerable applications have been reported for

small diameter tubing and piping in both the U.S.S.R. and the U.S.; in

fac t, pipe and tube welding Is by far the most popular of the PC—GTAW
(16—17)usage

-
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3.0 METhODOLOGY

3.1 Analytical Study

As explained in the Introduction , in approaching the problem
it was decided to develop both an analytical tool and an experimental

method. The analytical approach provided for the development of a

mathematical model which would simulate, in the first phase of the study,

heat flow conditions encountered in pulsed arc welding of thin sheets.

The model developed, as most similar models, uses the method of finite
differences to describe heat flow in two directions from a continuous or pulsing

heat source moving with constant speed on a plane with known thermal

properties. The model utilizes a matrix with approximately 500 elements.

It can be used with and without heat losses to the environment and it

can take into account convection effects in the liquid phase, latent

heat of fusion, temperature dependent conductivity , heat capacity and
density of the base metal. In simulations reported here, all elements have

been considered to be at 25°C, when the run starts; although preheat may be
simulated as well. Computation is stopped when the temperature has stabilized

with respect to time. The model is described in more detail elsewhere~
47
~.

In summary, the model uses a digital computer to solve a large

number of relatively simple heat flow equations. The equations describe

the temperature change of a small volume of metal experiencing heat

flow to or from the neighboring volume elements. Each element is

• described by a single temperature of an assumed concentrated mass at

the element’s center. The temperature differences between all the

adjacent elements are used to compute the heat flows between elements

and thus predict the temperatures after a given time interval. The

use of small time intervals minimizes any errors in predicting the

temperatures.

As a first test of the model, the model was applied to

continuous rather than pulsed - welding and the temperature profiles

computed with it were compared with profiles based on the Adams equation

which is as follows:

8 
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exp [in — (m2 + n )  I
o 4k 2 2 1/2(m + n )

where: T
~ 

= initial temperature

T — temperature above initial temperature

q — heat input rate

m vx/2x
n = vR/2
x = distance behind heat source

R — distance away from heat source path

The results are shown in Figure 2. As expected , the Adams

equation predicts higher temperatures than the new model close to the

heat source. The difference increases exponentially with decreasing

distance to the point directly below the heat source. The Adams equation

yields infinite temperature for this point; but at approximately 2 cm

from this point the difference between the two curves is negligible.

What is more important, the temperature gradients for the two sets of

curves are very similar.

As a second test, the maximum bead width for continuous welds

was computed and compared with the results based on the Wells’ equation~
49
~

for various electrode velocities and heat inputs. The two sets of data

were found in good agreement (maximum difference less than 10% of the

predicted value —— see Table 1).
To further refine the accuracy of the model, a particular

effort was made to determine reliable estimates of the various parameters

used in the model such as the heat transfer efficiency (ii
1
), the melting

eff iciency 
~~~~ 

the thermal conductivity (k), density (p), and the

specific heat C of the base material used during this investigation.*

* All symbols are defined in Table 2. -

-
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Calorimetrically determined values of are reported only for
non—melting work pieces~

50’~~~ and theoretical estimates appear to be too
difficult to attempt because of the complexity and interdependence of

the processes involved ’52~.

Indirectly an estimate of can be made~
53
~ based on Wells’~

49
~

equation

1 vdq 8 k T (-~- + ~~.—) (1)

from which the net Input can be computed

H ( 2 )net v

Good estimates of k can be derived based on published experi-

mental data~
54

~ which in turn can be used to estimate thermal diffusivi ty.

k
— C~,.P (3)

Reliable estimates of the variations of density with temperature can be 
- 

-

made according to

(4)

f or linear expansion from L to L corresponding to temperature change

between T0 and T and published linear thermal expansion data~
55
~ . A

similar approach can be made in estimating C~ values; however, this
appears to be somewhat problematic because of the lack of experimental

da ta above 1200 °K to support linearity assumptions made for the function
ln C — f (ln T) on the basis of data available between 300°K and l200°K.

This problem is not expected to affect seriously the information

produced by the model, as far as the thermal diffusivity values are
concerned. As it will be apparent in the following paragraph , the

temperature distribution profiles show considerable insensitivity to

substantial variations of thermal diffusivity if the temperature exceeds

L 500°K.

10 

__ 

L



Grossly inaccurate values for C~, may affect the estimate of

the melting eff iciency 
~2 

because

df + db
— (H.p + H L) P • ’5~ 2

and
— f ~ %dT (6)

The value of H
~ 

can be estimated using published thermodynamic

data such as those of Oriani~
56

~ and Zellers , et.al .~
57

~~.

The model assumes further that the heat of fusion (H e) is

evenly released or absorbed over the 25°C temperature range of the two

phase region.

Convection effects were accounted for by increasing the thermal

conductivity of any element having a temperature greater than the

liquidus temperature 1468°C. A multiplication factor of 25 was judged

reasonable for this phase of the study.

3.2 Experimental

3.2.1 Material Preparation

The Fe—26Ni alloy was selected as the model alloy f or the

initial phase of this work. The selection of this alloy was based on

ease with which its solidification structure could be identified by

ordinary metallographic means, and also because of the availability of
previous data over a wide range of cooling rates~

58
~ .

The base metal for the welding experiments was prepared in a

laboratory vacuum induction heat. The heat was deoxidized with graphite.

Minor additions of Si and Mn were made to improve hot workability. A

slab weighing about 30 lbs. (13.6 kg) was cast under vacuum and hot and

cold rolled to various sheet thicknesses. An intermediate anneal,

4h—2l50°F (1177°C) in dry hydrogen, was applied prior to cold rolling.
The total amount of cold work was kept to 20% in all cases. Rolling

direction was also kept constant .

11 
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— It was hoped that with a final anneal of 4h—2 150°F (1177°C)

followed by slow cooling a cube—on—face texture with a <100> direction

in the rolling direction could be promoted as described by Savage~
4
~

for the processing of the Fe—49Ni alloy. However, a series of back

reflection Laue patterns taken ove r a 4 cm distance at 0.5 cm intervals ,

and a diffractometer  trace of the as annealed metal showed totally

random orientation of martensite and small amounts of austenite. A

similar examination of the weld zone back reflection along a line half

way between the center line and the fusion line of weld No. J—7 (see

Table 3 for conditions) Indicated some (211) preference in the martensite

and pronounced preferred (220) orientation of the austenite. The

diffractometer trace of the weld zone showed an abnormally high count

on the (200) reflection indicating preferred orientation in this direction.

Finally , the base metal produced for the present investigation
took the form of a 0.032 in. (0.081 cm) thick sheet, of an analysis

shown in Table 4.

3.2.2 Welding Equipment and Procedure

A programmable CTAW power supply with a current range of up to

150 amps (Astro—Arc Model CA—150—TS) was used for the investigation.

The machine controls allowed adjustments of the high ~ulae and low pulse

currents (Figure 1) with 1 ampere increments. Their duration could be

individually set between 0.005 and 0.999 seconds with 0.001 second

intervals. The travel speed was controlled separately and was tested

for uniformity and repeatability prior to making the welds. All welding

was done with direct current electrode negative. Pulsed current waveform

remained nearly square shaped within the pulse frequency range of 1 to

48 Hz. An oscilloscope trace of a typical waveform is shown in Figure 3.

It was obtained from a 100 tnv—400A shunt placed near the ground connection

of the weld table.

The following parameters were kept constant in all welds:

electrode composition, size and shape were W + 2% Th02 , 1/8 in. (0.32 cm)
diameter , 30° included vertex angle with 0.04 cm diameter flat tip ;

12
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1002 argon as shield gas flowing at a rate of 40 cth (18.9 1/nu n) from

around the electrode and 4 cfh (1.9 1/mm ) to the back of the weldment;

arc gap of 0.1 in. (0.25 cm); electrode stick—out from the cup 0.5 in.

(1.25 cm) and from the collet 1.16 in. (2.95 cm); base metal thickness

of 0.032 in. (0.08128 cm). In addition specimen clamp down procedure

and the relative positions of the fixture/specimen/welding torch were

kept identical in all cases by utilizing a welding fixture shown in

Figure 4. The specimen could be clamped between Teflon strips to

prevent distortion during welding. A constant arc length was maintained

during welding by adjustment of a flat platform plate on which the

aluminum fixture was placed. Arc stability was maintained by welding

towards the ground conrection which was bolted on the edge of the base

metal sheet in a way to assure symmetrical conduction of current away

from the weld. For each run a new location for the ground connection

was selected . The use of Teflon, with a thermal conductivity of

approximately 250 times less than that of Fe—26Ni alloy , was to assure

minimal heat exchange between the fixture and the base metal specimen.

Welding variables independently evaluated were i , ~~ ti,, ~~
and v. Other variables such tp

/t
b~ 

f, P and H could also be evaluated

since these were dependent on the former variables as indicated in

Table 2. Arc voltage—current relation for the power supply was

determined using the above described materials and welding conditions.
(59)It is shown in Figure 5, and is similar to those reported by Savage

Table 3 gives the PC—GTAW parameters used for the experimental welds.

3.2.3 Metallography F

From a large number of welds produced during the experiments

described in Tab le 3, a series of samples were selected from various
sites in the base metal after the welding process had stabilized . From

L 
this group , a series of samples was selected to cover a matrix of two

variables, i.e., increasing high pulse current (i ) (heat input ) and
p

increasing pitch (distance traveled for one full pulsing cycle).

13
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These samples were first studied with a scanning electron

microscope and then sectioned, polished and etched with Nital to study

their solidification structure. The SEN study covered the morphology
of the solidification structure in relief in both the upper (front)

and the lower (back) surfaces of the weld and selective x—ray micro-

analysis.

3.2.4 Cinematography

In order to understand the processes occurring in the weld

pool during pulsed arc welding, high speed cinematography was utilized

during one welding run to record the motion of the liquid , the solid—
liquid interface and the arc.

The film produced was analyzed using a professional editing

machine with the capacity to record lapsing time and frame sequence

electronically. Both frame by frame analysis and viewing at various
speeds were made. Further films will be made in the second year of

the project.

3.2.5 Temperature Measurements

Temperature measurements were taken using at least four

0.008 in. (0.02 cm) diameter Pt—Pt 10% Rh thermocouples strategically

placed close to and within the fusion zone for a number of characteristic

welds. The results were recorded on light sensitive paper using a

high speed recorder.

14
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4.0 RESULTS AND DISCUSSION

In this first progress report, a portion of the data obtained

will be presented with emphasis placed on the methodology and their

reliability. More data will be presented in future reports. This is

because the present report is written while some of the results are

still being obtained and , in some cases, are not fully evaluated. As

mentioned in a previous paragraph, the problem of establishing reliable

thermal data on pulsed arc welding was approached experimentally and
analytically. The dual approach adopted helped in estimating and

reducing the magnitude of the errors Introduced , either because of the
assumptions made in carrying out various computations in the analytical
approach or because of the difficulties encountered in performing and
monitoring the experiments. This will become apparent in the discussion

of results that follows .

4.1 Temperature Measurements

The experimental measurements of temperature presented an

unusual diff icul ty because of the small size of the weld bead relative
to the size of the thermocouple ’s hot junction. This makes temperature
measurements within the weld poo1 particularly difficult because it is
nearly impossible to pinpoint the exact location in which the thermo-

couple was sensing temperatures. Additional difficulties result from

alloying and induction effects, particularly for sites in which there is

direct contact of the hot junction with the melt. These problems persist

even for thermocouples placed in sites which do not come in contact
with the melt during the welding process, but they are expected to be

somehwat less severe than in sites within the melt. Therefore, the

temperature measurements made outside the weld bead can be considered

as more reliable than the ones within the bead and therefore more

suitable for evaluating the mathematical model. For instance, the

location of a hot junction can be determined with an accuracy which

approaches 2/100 of a centimeter, and as long as it does not come in

15
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contact with the melt, it is reasonable to assume that the site in

which the temperature data are recorded is well established fo r the

entire process. Alloying effects are also much less severe for sites

in the base metal that do not reach liquidus or higher temperatu res

for obvious reasons ; and as the sites that remain solid during the
entire process are more remote from the arc (than the sites within the
melt)  the induction ef fec ts  are also expected to be less severe for these

locations .

Another prob lem , particular to the pulsed welding process ,
is the determination of the temperature gradients around the arc. The

heat flow is not continuous and , therefore, the temperature distribution

is not constant , but varies with time within the pulsing cycle with the
current—time profile of the pulse cycle and the distance from the heat

source. Additional d i f f icul t ies  are caused from the fact that the

liquid around the arc is not stagnant and its flow patterns are not
established in most cases , b ut even more so f or pul sed arc weldin g

because of the Lenz effect.

Thus reliable direct temperature gradient measurements within

the bead of relatively small size welds appear to be very d i f f i cu l t  and
the results are expected to have considerable errors of unknown magnitude

and direction .

Temperature gradient measurements in the solid base metal are

more reliable and a sample of two such cases will be presented and

discussed here.

In the case of continuous arc welding , once the process is

stabilized , the temperature distribution around the arc remains constant.

Therefore the maximum temperature gradient for a particular site in the

solid base metal can be established relatively easy (it will occur when

the heat source is at a certain established distance and direction from

the site under consideration). However, this is not necessarily so in

• th e case of pulsed arc welding simply because at the time the heat source

is at the minimum distance from the site under consideration , it may or

16
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may not be emitting any heat. As discussed earlier, the magnitude,

the t ime it occurs and the direction of the maximum temperature gradient
for a site in the solid base metal, is a function not only of the -

distance from the heat source but also of the current—time profile of

the pulse and the velocity of the arc relative to the velocity of the
heat wave .

An analysis which takes all these parameters into consideration

has been made and it will be presented in the next annual report; however,

in some cases , it is possible to estimate the maximum temperature
gradients close to the weld bead much easier on a different  basis . If

the time period for one full  pulse cycle is a small fraction (1/5 to

1/4) of the time needed for the arc to travel a distance equal to the
long axis of t!ie liquid pooi, then there is only one major heat wave

sweeping the sites under consideration, in the base metal but close to

the bead. This wave, however, does not have a smooth temperature—time
profile but a serrated one with a series of fluctuations corresponding
to ON—OFF time periods of the high pulse arc , (see Figure 6). The

smaller the forementioned ratio, the smoother the time—temperature profile

of the heat wave as indicated by temperature fluctuations (ST) predicted

by the model shown in Figure 7. This has also been observed by comparing

temperature—time profiles for experimental welds , for example welds 3—4
and J—7 as in Figure 8. Based on the above analysis and the data shown

in Figures 6 , 7 and 8, a method can be developed to estimate the maximum
possible temperature gradient at the weld bead boundary and on the base
metal side .

If a temperature—time profile at a site in the base metal near the

weld bead is recorded , the maximum temperature f luctuat ion is recorded when

the heat source is at the minimum distance from the site of the thermocouple .

This means that at this time (i.e., when the maximum fluctuation in temper-

ature is recorded) there is liquid at the nearest possible point. Stated in a

different way , the nearest point on the weld fusion line is at the solidus

17
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temperature when the maximum fluctuation is recorded. Thus, the maximum

temperature gradient at the weld bead boundary can be expressed as the

maximum temperature difference between the solidus and the minimum

temperature at the recording site (
~
Tmax) divided by the minimum distance

of the recording site to the weld bead boundary (L in~ 
provided the

recording site is close enough to the weld bead.

T
maxGs —

mm

Based on the above reasoning, a series of temperature measure-

ments from experimental welds have been evaluated and some of the results

are shown in Table 5. The data show the temperature gradients in the

solid side (C
s) and on the liquid side (CL) of the bead—base metal inter—

face. However, the data on CL 
must be used with caution because of

forementioned possible errors in temperature recording.

As expected , the temperature gradients measured in this study

diminish with increasing distance from the weld (the temperature distance

curve is known to have a negative derivative with a decreasing absolute

value for lower T). Unexpectedly , however, a considerable drop in

temperature (approximately 70°K) was measured at the very weld bead

boundary. Stated differently a temperature at least 70°K higher than

the solidus was recorded at the solid—liquid interface or over a

distance which must be equal or small than 0.02 cm, i.e., the accuracy

of distance measurements. This temperature drop can be explained if

there is a considerable drop in temperature near the solid—

liquid interface, at least, for the alloy under consideration. Among

the data of Table 5, the temperature gradients in the solid (Cs) should
be considered as more accurate than those in the liquid (C

L
) for reasons

discussed in the previous paragraph. On the other hand , the accuracy

of the data in the solid (C
s
) increases with decreasing distance from

the weld bead—base metal interface . Therefore, the most accurate

measurement is the one made over the shortest distance, i.e., 0.43 mm

and yielded l030°K/mm . This value should be considered as a minimum

possible temperature gradient at the interf ace (on the solid side).

18 
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The liquid temperature gradients for reasons explained already

are only indicative and in view of the cinematography data can hardly

be used as a basis for further computations. They are indicative,

however, of low temperature gradients persisting in the bulk liquid ,
as compared to those in the solid, as a result of the intense flow in

the weld pool. It should be emphasized, particularly in view of the

measurement made near the fusion line, low thermal gradients can only

be true in the bulk liquid phase and they do not apply in the liquid

boundary at the liquid—solid interface.

4.2 Measurements of Growth Rate -

The most convenient method for measuring growth rates in

pulsed and welding appears to be high speed cinematography . This

technique of direct observation, when used properly, can yield acceptable

information with regard to growth. Its accuracy can be further enhanced

if combined with accurate radiation pyrometry.

In the present phase of this study , direct observation , using

high speed cinematography , of the solid-liquid interface was used

because of its simplicity. The data reported here are from a weld

(weld No. 3—7 in Table 4) in which direct observation was facilitated

because of its relatively large pitch .

Two types of measurements were made, namely growth was measured

perpendicularly to the travel direction of the arc and along the weld

axis. The results are sumearized in Table 6 and in Figure 9. They

represent growth during low pulse time . Observation of growth or

melting phenomena during the high current arc presents additional

experimental difficulties and has not been attempted during this phase

of the study. The succession of events during a low pulse time of weld

No. J—7 (t~~ — 0.208 s, tb 0.832 s) is as follows:

After the end of high pulse current for about 50 to 80 sue,

melting continued in both the forward and transverse directions to the

weld axis, except in the tail part of the pool. In Table 6 melting is

19



indicated by the negative sign of the growth rate. Positive growth

was initiated after this period.

The growth rate, in general, varied between approximately
1 mm/s and 8 mm/s . The maximum growth rates appeared between 120 and

200 mm after the end of the high pulse current , but later the rate
generally diminished to somewhere between 1 and 2 mm/s. Finally in

the last 150 ms of the low pulse time, the growth rate increased again;

gradually In the beginning but very rapidly towards the end .

Assuming that the temperature gradient in the liquid side of
the solid—liquid interface was at least as large as the minimum
measured on the solid side (actually it is expected to be much larger
because of the substantial drop of temperature — 70°K — measured at

the interf ace, see Table 5) and on the basis of the growth rate reported

here , the C/R ratio can be estimated. Thus for a G
L 

= l030°K/mm and a

growth rate varying between 1.0 and 8.0 mm/sec., the limits for C/R

can be estimated as follows for the welds under consideration.

1.33 x ~~~ °K~s.cm
2 

< G/R < 1.07 x lO~ °K~s~cm
2

The lower limit in this relationship is near the value reported by
(60) 4~~ —2C. R. Purdy (10 C~s’cm ) as necessary for the transition to

cellular growth for Fe—8%Ni alloy. Indeed the structure of these welds

was found to be almost 100% cellular with very few areas in which
secondary arms could be discerned and only on a limited local basis,
see Figures 10 through 12.

The cellular structure of these welds, however , show an

unusual variety of cell sizes. This means that the cell size changes

rather abruptly for adjacent grains and in many cases within the same

grain, see for example Figure 10. These variations can be explained

on the basis of the observed flow patterns in the liquid pool. It

appears that the arc is emitting rather frequently “tornado like”

turbulence which is causing the liquid in the pool to rotate basically

in two directions : (a) around the arc, and (b) around the “eye of each

20 
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“tornado”. The interaction of this type of flow with the advancing

solid front can easily cause the cell size to fluctuate, even within

the same grain. Welds made with higher arc travel velocity show some

secondary branching, i .e . ,  dendritic growth, near the weld axis, but
this may be explained as relating to the lack of intense fluid flow

in the tail part of the weld pool.

4.3 Computational Estimates

Computer model predictions are, in part, based on certain

material properties, i.e., C , k or a, and on knowing the portion of
arc energy transferred to the weld plate 

~
11
n t ~

• Estimates of these

properties and the heat transfer efficiency (
~
) were, theref ore ,

necessary. The methodology for estimating these constants has been

described earlier. Estimates of thermal conductivity, snecific heat

and thermal diffusivity are given in Figures 13, 14 and 15 respectively .

Heat transfer efficiency is the ratio of net energy input

to total arc energy, as was defined in Table 2. The rate of heat input

(Q,  cal.s 1) can be calculated from Wells ’ equation for the three arc

travel speeds used in the experiments, and T l733°K, a — 0.0505 cm
2.s 1

,

k — 0.597 cal.s~~cm~~K~~, and 6 — 0.081 cm. Then the following equations

are obtained relating Q to bead width :

for v — 0.2117 cm s~~ Q — 70.56 d + 13.47

v — 0.4233 cm s~~ Q = 141.09 d + 13.47
v 0.6054 cm Q — 201.78 d + 13.47

The three lines represented by these equations intersect at

Q — 13.47 ca1.s~~ at which no melting is expected , as seen in Figure 16.

Bead width measurements are given in Table 7. Separate

measurements are listed for the front (df) and the back (db) in the

table to distinguish full penetration welds where heat flow can be

assumed to be two dimensional. When d f /db ratio was over 0.95 , the

weld was considered a full penetration weld. Table 8 is a list of the

21
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full penetration welds for which heat transfer eff iciencies were
determined . Hnet values in this table were calculated from:

H — ~~ cal .cm~~net v

where Q for an experimental weld can be found from Figure 16 using the
bead width measurements listed in Tab le 7. Total arc energy per unit

length , H , for the pulsed current welds were calculated from the

expression

1 —lH — 4.l84T (e i t  + %ibtb
) cal.cm

where 4.184 is a conversion factor (w.s. to cal.), and e is the arc

voltage. The values of i
i,, 

i1,, ~~~ tb and T for all of the welds can

be found in Table 3 and e values corresponding to every i and I..,, may
be obtained from the voltage—current characteristic of the welding arc

shown in Figure 5. The underlying assumption here is that for a square

current waveform, such as that shown in Figure 3, an arc voltage wave-

form of square shape develops. Studies on thermal decay of arcs~
61’62

~
show that arc voltage response to current change occurs in less than a

millisecond. The error arising from this assumption should , therefore,

be minimal.

The heat transfer efficiency , ~~, for a pulsed current weld in

Table 8 is an average value representing both high and the low pulse

arcs. A rough estimate of the heat transfer efficiency for the high

pulse current arcs may be made from the expression:

~net 
— H~~ 0.239 

~~~ 
(i~e~t~u~ + ib

e
b
t
b%
)

where and Ub are heat transfer efficiencies for the high and low pulse

arcs respectively. Equations with two unknowns may be set up for the

welds having the same I and 1b 
values to solve for and 

~~ 
When

this was done ‘~b 
values found were scattered around zero, with some

positive and some negative values. By assuming 
~b 

— 0, heat transfer
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eff iciencies for high pulse current arcs for a selec ted number of pulsed
current welds representing a matrix of high/medium/low pitches and high/
medium/low heat inputs were calculated and are given in Table 9. Such

heat input rates were then used to calculate, through the computer model,

various solidification parameters such as temperature, temperature

gradients and growth rates.

The model predictions for the weld No. J—7 , for example, were
as follows . The temperature profile along the axis of weld 3—7 , a few

tenths of a millisecond before the transition from i to 1b is shown in
Figure 17. At this point in time the arc is 1.3 mm away from the most

advanced point of the pool and 2.7 mm from the trailing end of it. The

respective temperature gradients in the solid at the solid—liquid inter-

face were found to be l4l2°K/mm and 86O°K/mm ahead and behind the arc.

The temperature profiles transverse to the weld axis at the point of

arc impingement after the i+ib 
transition is shown in Figure 18. The

weld pool is expected to be completely solid 600 ins after the ip~
$
~
ib

transition and the predicted maximum width of the pool is approximately

5 mm. The predicted maximum temperature gradient at the solid—liquid

interface (G9
), a few tenths of a millisecond prior to the

transition, remains basically unchanged after the transition for at

least another half a millisecond . The predicted value of C
5 

for this

period is approximately 884°K/mxn. At about 100 ma after the 
~~~~~~~~~

transition , the G for the same site remains as high at 500°K/mm.

The predicted growth rates transverse (R
e

) and along (R
w
) the

weld axis are shown in Table 10. They indicate a surge for growth for

R
~ 

immediately after the 
~~~~~~ 

transition, and another surge for growth,

for R , towards the end of solidification.w

23 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



4.4 Comparisons of Computational and Experimental Data

In the preceding paragraphs both experimental and computational
data from a pulsed arc welding test (J—7) have been presented. These

data refer basically to temperature distribution , temperature gradient

C5 and growth rates for the particular weld under consideration.

Comparison of the experimental and computational data for these parameters
shows that:

(a) The computational temperature profiles appear to be

somewhat short of the actual. Thus,whereas the measured

bead width for test J—7 averages 7 mm, the maximum bead

width computed is only sligh t ly larger than 5 mm.

Although the agreement is not ful ly  sat isfactory,  high

speed cinematography shows that a cold margin approxi-
mately 1 mm wide exists on both sides of the liquid pool

for the entire tb time period. It appears, therefore,

that the experimentally measured bead width may actually

be slightly smaller than what appears to be after the

welding is finished. Nevertheless , additional study of

the flow conditions in the pool and appropriate adjust-

ments of the conductivity in this area are indicated if

the agreement between experimental and computational

data is to be improved .

(b) The computational maxima temperature gradients in the

solid are within 10—15% of the experimentally determined
ones (l030°K/mm vs 884°K/mm). The agreement is considered

very good.

(c) The growth rate data show considerable variations between

the experimental (Table 6) and the computational (Table 10)

values. This must be at least partially attributed to

the difficulty in estimating experimentally the exact

position of the solid front as well as the lack of a

more dense matrix of computational data in this phase of

24



~
- - -

r--

the study. It must be said, however, that both sets of
data agree on the basic trends and show a surge of
lateral growth shortly after the i transition with

p 
—lvery similar growth rates (4.32 to 5.41 vs 5.55 mm .s

f or this period) and a slow down a f te r  about 100 ma
(1.00 to 3.60 vs 3.85 mm.s 1) .  What is more important
is the agreement between the computed and measured values

for the G/R parameter with those required for the

formation of the experimentally observed solidification
structure. Here the agreement is very good.

Finally , an area of weakness is the difference that exists between

the computational and the experimental data with regard to the time at

which solidification is complete in the pool. This difference is of the
order of 200 ma (the computational time is shorter) and it must be

related with the mass transport phenomena that accompany the solidification

process which are not accounted for in the computer simulation.

4.5 Melting Efficiency

Melting efficiency for all of the welds listed in Table 3 was

also calculated by determining the volume of weld nugget per unit length

from bead width measurements , and the heat content of the molten alloy
at the melting point. The latter is the energy required to melt weld

nugget of unit length, Hm~ 
which when divided by the total arc energy , H ,

yields the melting efficiency of the process,

The dotted line representing C~, in Figure 14 obeys the following
equation within 1000 — l746’K where l746°K is the liquidus temperature

for Fe—26Ni obtained from the phase diagram:

log C~, 0.154 log T — 1.327

or ln C — 0.154 ln T — 3.055p

C — exp (0.154 in T — 3.055)
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Assuming that the base plate was 25C (298 K) prior to the

start of welding, the change in the heat content of a 1 g mass of the

weld nugget metal due to rise of its temperature to 1746°K is

1746
H1746 — H298 f exp (0.154 ln T — 3.055) dT

Taking H298 — 0 and integrating we find:

- 0.04083

H1746 — 225 cal.g
1

The latent heat of fusion for the Fe—26Ni alloy has been

estimated~
56 ’57

~ to be 88.5 cal.g~~, so that 313.5 cal.g
1 
of the arc

heat is used for melting one gram of the alloy. H values are then

found from:

d + d
b

Hm 
= (3l3.5)p6 ~ 

2 
cal.cm

1

Table 11 lists H, H and ii values calculated for the welds,m 2
and Figure 19 shows the effects of total arc energy and arc travel speed

on melting eff iciency regardless of the spec if ic welding variable
combinations used. Two trends are obvious : melting efficiency increases

with increasing H and v. The latter effect is predicted by the Wells’

equation given earlier relating heat input rate to bead width.

4.6 Effects of Pulsing Parameters

For the lowest travel speed the scatter in pulsed current data

in Figure 19 is probably largely a consequence of changing pulsing

variables from one weld to the next. The individual effects of the

pulsing var iables i , t and f , and P are shown in Figures 20, 21 and

22,respectively. It is seen that increasing high pulse current , which

- 
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is accompanied by an increase in total arc energy, increases melting

efficiency (Figure 20). Some increase in melting efficiency is also

obtained when high pulse time is increased, or frequency is decreased ,
while keeping total arc energy/cm, H , constant . Large pitch values

obtained solely by increasing low pulse time and/or arc travel speed,
with i , t and i. constant, has a dramatic effect on bead width withoutp p 0
influencing melting efficiency as seen in Figure 22.

Pulsing seems to add little to the melting efficiency of the

CTAW pro cess, mainly because of the V—I characteristic of the power
supply (Figure 5). Arc energy generated during the low pulse time is

probably largely being wasted while adding considerably to the value

of total arc energy computed, because of the high arc voltage at low
currents. This can be seen by comparing welds Hi and H2 with other

welds of similar total arc energy such as G3 and C8. The former two

welds had higher heat transfer (Table 8) and melting (Table 11)

efficiencies than G3 and G8 because of their higher low pulse currents ,
and hence lower corresponding arc voltages. Use of power supplies with

relatively more constant potential characteristic or selection of

and i~, values in a way to keep arc voltage low should improve pulsed

current melting efficiency. Electrode type, size and shape, arc
atmosphere and arc gap are other variables which, if properly selected,

may produce a more constant voltage over a wide arc current range

leading to higher melting efficiencies in PC—CTAW.

27

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



5.0 SUMMARY

The first year’s effort was concentrated on the development

of a predictive computer model of pulsed arc welding of thin sheets

under two dimensional heat flow, establishing the experimental techniques

to develop physical data to correlate process variables to weld solidifi-

cation structure, and comparative analysis of experimental data and

model predictions for further refinement of the computer model. These

tasks were successfully accomplished .

A large number of pulsed current GTA welds were made in thin

sheets of Fe—26Ni binary alloy selected as the material system model.

Experimental welds were dimensionally and structurally analyzed ,
welding process and the weld pool kinetics were studied through high

speed cinematography and conventional, as well as scanning electron

metallography. Temperature histories of various locations at and

around weld pools developed under several sets of pulsed current welding

conditions were experimentally recorded. All experimental data were

evaluated and comparatively analyzed against the early predictions of

the computer heat—flow model. Certain material properties and heat

transfer efficiency of the pulsed current welding were estimated for

use as computer input. In addition, melting efficiency of the process

under various sets of pulsed welding variables was determined.

This research effort so far has established an experimental

and a computational approach to study the pulsed arc welding process.

The agreement between the experimental and the computational data was

good with regard to temperature profiles, temperature gradients and

the d R  ratio. Additional work and data are needed to further refine

both the experimental and computational approach in estimating local

growth rates and solidification times.

Heat transfer and melting efficiencies of the PC—CTAW process

improved with increasing arc travel speed , low pulse current and with
increasing total arc energy per unit length. Improvements were up to
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10% in the case of heat transfer efficiency and up to 30% for the

melting efficiency. These figures are e p -  :ed to be different for

different V—I characteristics of the power supply and different

electrode size, type, shape and arc atmosphere combinations. Better

improvement can be expected in thermal efficiency for the PC—CTAW when

compared to steady current GTAW if the arc voltage change with change

in current is small for the lower ranges of current.
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Fig. 16—Relation between rate of heat input, Q, and bead
width, d, for full penetration welds on 0.081 cm thick
Fe -26 Ni alloy for the three arc travel speeds used
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Curve 713479-A
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Curve 713478-A
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current (computed)

- -

_________  .--- —~~---- -~~~-~~-- _ - - - — --- .----~~
_ m.-—



p ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~r =—— - - - -. - - ._
~~~

_ .
~~-.-. 

- 
- -

Curve 697209-A
0.4 

‘

~ 
£

- I A . -

i . r
I IV.) / /

• A /i  -

/ / I...
/ / yr

- I I  •II -

/ / ./

.
~~~~ /
.~~~~ A ’ ) - . /  —u.~.
Li /•

- Steady Current -

• V -

0.1 — (cm. ~~1) —

Steady Current 0.2117
- • Pulsed Current 0. 2117 -

~ Pulsed Current 0. 4233
£ Pulsed Current 0. 6054 

-

0 I I I I I I I i I i I
0 100 200 300 400 500 600

Tota l Arc Energy/cm, cal . c m ’

Fig. 19 —Effects of total arc energy per unit length, H, and
arc travel speed on melting efficiency
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Curve 697207-A
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Curve 697206-A
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Fig. 21— Effects of t , or pulse frequency, on melting
efficiency, nugget ~ ea and the ratio of front and back
bead widths
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Fig. 22—The effect of increasing pitc h on the melting
efficiency, bead width and df/db ratio



TABLE 1

COMPARISON OF THE MAXIMUM BEAD WIDTH DIMENSIONS FOR CONTINUOUS ARCS

PREDICTED BY THE WELLS’ EQ1JATION~
49
~ WITH THOSE BY THE PRE SENT COMPUTER MODEL

q v Predicted d/2 (cm)
(ca1.s~~~.cm~~) (cm. s~~ ) Computer Wells ’

200 0.222 0.1*zd/2<O .2 0.138

1000 1.00 0.30 0.310

300 0 .222 0.33 0.300

533 0.333 0.41 0.445

800 0.417 0.574 0.582

1000 0.500 0.60 0.620

800 0.333 0.775 0.720

800 0.278 0.80 0.873

1200 0.333 1.110 1.150
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TABLE 2

SYMBOLS, DEFINITIONS AND UNITS OF PROCESS PARAMETERS STUDIED

Parameter Symbol Definition Units

High Pulse Current I See Figure 1 A

Low Pulse Current ib 
See Figure 1 A

High Pulse Time t~, See Figure 1

Low Pulse Time tb 
See Figure 1 -

Pulse Frequency f 1/(t~ + tb)

Pulse Period T t + t sp b
Arc Travel Speed v —— cm.~~
Pitch P v(t + t

b) cm

Sheet Thickness —— cm

Weld Bead Width d —— cm

Arc Current I —— A

Arc Voltage e —— 
- 

V
Total Arc Energy H 1 —1
per Unit Length v 4.184 cal.ct~

Net Energy Input —1H ~ .H cal.cmper Unit Length net
Heat Transfer
Efficiency Ii

i 
fnet~

’H

Melting Efficiency Rin~
H

Energy Required to —1
Melt Weld Nugget Hm ~2~H cal.cm
of Unit Length

Rate of Heat Input v~Hnet —1 —lper Unit Sheet q cal.s .cm
Thickness

Rate of Heat Input Q q.-6 cal.s 1

Melting Point T Solidus K
In

— 1 —1 — 1
Thermal Conductivity k —— cal.s .cn’ .K

Density p —— g.cm 3

Specific Heat C —— cal.g~~.K
1

Thermal Diffusivity ci ~~~
-
~~

-—— cm2.s~~

_ _ _  _ _ _ _  

p 
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TABLE 3

- PULSED CURRENT GTA WELD IN G PARAMETERS

I i t t v f
We ld p b p b

~~~~~~~~~~ -~~~~~~• .~j  .~ j  k~m. s ) p b (Hz) Comments

Fl 100 10 0.017 0.167 0.2117 0.10 5.4 Incomplete penetr.
F2 100 10 0.100 0.167 0.2117 0.60 3.7 Burn—throug h
F3 100 10 0.067 0.167 0.2117 0.40 4.3
P4 100 10 0.033 0.167 0.2117 0.20 5.0
P5 100 10 0.167 0.333 0.2117 0.50 2.0
F6 100 10 0.133 0.333 0.2117 0.40 2.1
F7 100 10 0.067 0.333 0.2117 0.20 2.5
P8 100 10 0.090 0.333 0.2117 0.15 2.6

Cl 80 10 0.167 0.667 0.2117 0.25 1.2
G2 100 10 0.167 0.667 0.2117 0.25 1.2
G3 120 10 0.167 0.667 0.2117 0.25 1.2
G4 120 10 0.167 0.667 0.2117 0.25 1.2
G5 140 10 0.167 0.667 0.2117 0.25 1.2
G6 150 10 0.167 0.667 0.2117 0.25 1.2 Burn—through
G7 110 10 0.167 0.667 0.2117 0.25 1.2
G8 130 10 0.167 0.667 0.2117 0.25 1.2

Hi 100 20 0.167 0.667 0.2117 0.25 1.2
H2 100 25 0.167 0.667 0.2117 0.25 1.2
H3 100 5 0.167 0.667 0.2117 0.25 1.2
114 I=24A Steady Current 0.2117 —— ——
115 I=28A Steady Current 0.2117 —— ——
116 1 32A Steady Current 0.2117 —— ——
117 I=36A Steady Current 0.2117 —— ——
H8 I=40A Steady Current 0.2117 —— ——

Ji 120 10 0.004 0.017 0.2117 0.25 47.8
J2 120 10 0.008 0.033 0.2117 0.25 24.3
J3 120 10 0.017 0.067 0.2117 0.25 12.0 Burn—through
J4 120 10 0.033 0.133 0.2117 0.25 6.0
J5 120 10 0.067 0.267 0.2117 0.25 3.0
J6 120 10 0.133 0.533 0.2117 0.25 1.5
J7 120 10 0.208 0.8~ 2 0.2117 0.25 1.0
J8 150 10 0.083 0.565 0.2117 0.15 1.5
J9 150 10 0.042 0.167 0.2117 0.25 4.8 Burn—through
J10 150 10 0.033 0.250 0.2117 0.13 3.5 Burn—through
J1l 150 10 0.025 0.250 0.2117 0.10 3.6 Burn—through

L - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 3 (cont.)

I 1.. t t v f
Weld p D p b /

~cm.s ) p b (Hz) Comments

Ki 120 10 0.042 0.286 0.2117 0.15 3.0
K2 120 10 0.042 0.212 0.2117 0.20 3.9
K3 120 10 0.042 0.167 0.2117 0.25 4.8
K4 120 10 0.042 0.135 0.2117 0.31 5.6 Burn—through
K5 120 10 0.083 0.572 0.2117 0.15 1.5
K6 120 10 0.083 0.426 0.2117 0.20 2.0
K7 120 10 0.083 0.333 0.2117 0.25 2.4
1(8 120 10 0.125 0.500 0.2117 0.25 1.6
K9 120 10 0.167 0.667 0.4233 0.25 1.2
K10 120 10 0.167 0.333 0.4233 0.50 2.0

Li 120 10 0.167 0.250 0.4233 0.67 2.4
L2 120 10 0.083 0.125 0.4233 0.66 4.8 Burn—through
L3 120 10 0.083 0.333 0.4233 0.25 2.4
L4 120 10 0.083 0.167 0.4233 0.50 4.0
L5 120 10 0.083 0.167 0.6054 0.50 4.0
L6 120 10 0.167 0.333 0.6054 0.50 2.0
L7 120 10 0.167 0.250 0.6054 0.67 2.4
L8 150 10 0.167 0.333 0.6054 0.50 2.0
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TABLE 4

CHEMICAL ANALYSIS OF THE BASE METAL 
- -  

-

USED IN THIS INVESTIGATION, IN WT%

Ni Mn Si C Fe -
25.9 0.34 0.24 0.012 Balance

L _ 
_ _  

—— 
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TABLE 5

EXPERIMENTALLY MEASURED TEMP ERATU RE GRAD IENTS

Distance From
Weld No. s 

1 L 
—l Fusion Line,

And Test (~K.mm ) (°K.nun ) (mm)

J—7 1 1030 0.43

1 290 1.60

1 131 0.89

2 272 2.14

2 217 2.49

J—4 1 75 2.93

1 128 1.95

1 25 1.10

1* 0 0

*Teniperature difference 70°K was recorded over the solidus

temperature of the alloy at a site on the weld fusion line.

_____________________ -.5 -.5-- ______ —.5 -- -  - —.5-—
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TABLE 6

RATE OF SOLID-LIQUID INTERFACE MOVEMENT IN WELD NO. J-7,
AS DETERMINED FROM HIGH SPEED MOVIES

Successive Time Elapsed Interface
Low Pulse After I ÷i.,, Speed1Times (ms)P (inzn.s ) Remarks

0 ARC-OFF
15.6 —2.16 Negative growth
78.1 —2.16 the solid receeds.

109.4 +4 .32 Growth measured
140.6 +2 .32 across the bead
171.8 +5.40 axis.
203.1 +8.64
234.4 +7 .56

2 0 ARC-OFF
15.6 —5.41 Negative growth
31.2 +5.41 Growth measured
62.5 +2.7 1 across the bead 

—

93.7 — axis.
125.0 +5.41
171.9 +3.60
281.7 +3.60
312.5 +1.80
437.5 +1.35
531.2 +1.35
640.6 +0.93
796.7 +9.07

3 0 ARC—OFF
15.6 —10.8 Negative growth
31.2 —10.8
46.8 —10.8
77.7 + 3.23
115.0 + 5.05
172.0 + 7.02
187.4 + 3.60
515.6 + 0.57
548.0 + 5.41

4 0 ARC—OFF
15.6 + 2.16
62.5 + 0.86 Growth parallel to
218.7 + 1.63 the bead axis, at
343.7 + 1.30 the axis. No
500.0 + 1.08 negative growth
687.5 + 1.86 observed
796.8 + 1.73
843.7 

--
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TABLE 7

BEAD WIDTH MEASUREMENTS

Weld Bead Width (cm) 
— 

Ratio Nugget Area
No. Front, df Back , db db /d f (cm 2)

Fl 0.27 0 Incomplete penetration
P2 —— —— - - ——
P3 0.67 0.65 0.97 0.054
P4 0.38 0.30 0.79 0.028
P5 0.87 0.86 0.99 0.070
F6 0.74 0.70 0.95 0.058
F7 0.47 0.40 0.85 0.035
F8 0.35 0.20 0.57 0.022

Cl 0.40 0.29 0.73 0.028
G2 0.53 0.44 0.83 0.039
G3 0.68 0.64 0.94 0.054
G4 0.70 0.67 0.96 0.056
CS 0.88 0.85 0.97 0.070
C6 -- -- —— -—
G7 0.62 0.60 0.97 0.049
G8 0.74 0.74 1.00 0.060

Hi 0.74 0.71 0.96 0.059
H2 0.84 0.82 0.97 0.067
H3 0.53 0.48 0.91 0.041
H4 0.30 0.21 0.70 0.021
115 0.37 0.31 0.84 0.028
H6 0.45 0.42 0.93 0.035
Hi 0.57 0.57 1.00 0.046
H8 0.70 0.68 0.97 0.056

Ji 0.61 0.53 0.87 0.046
J2 0.63 0.55 0.87 0.048
J3 —- -— -- -—
J4 0.70 0.65 0.93 0.055
J5 0.69 0.64 0.93 0.055
J6 0.76 0.72 0.95 0.060
J7 0.72 0.71 0.99 0.058
J8 0.65 0.61 0.94 0.051
J9 -- -- -- -—
J1O -- -- -- -—
Jil —— -- —— ——

______  -.5--
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TABLE 7 (cont.)

Weld Bead Width (cm) Ratio Nugget Area
No. Front , df 

Back, db db
/df (cm 2)

Ki 0.42 0.28 0.67 0.028
K2 0.53 0.46 0.87 0.040
K3 0.63 ‘~.58 0.92 0.049
K4 0.73 0.68 0.93 0.057
K5 0.43 0.32 0.74 0.030
K6 0.54 0.52 0.96 0.043
K7 0.61 0.55 0.90 0.047
K8 0.64 0.61 0.95 0.051
K9 0.38 Incomplete penetration ——
K10 0.54 0.51 0.94 0.043

Li 0.71 0.71 1.00 0.058
L2 -- —- —— --

L3 0.34 0.17 0.50 0.021
L4 0.56 0.53 0.95 0.044
L5 0.33 0.20 0.61 0.021
L6 0.37 0.26 0.70 0.025
L7 0.46 0.41 0.89 0.035
L8 0.53 0.49 0.92 0.041

.5 — — .5 .5— ~~~~~~~ —- -- .5-— ———~~~~~~~- - ~~~~~~~~~~~~ ~~~~-~~~~~~~~~~~~-



- -

TABLE 8

HEAT TRANSFER EFFICIENCY FOR THE FULL PENETRATION WELDS

H
Weld H 1 net p
No. (cai.cm ) (cal.cm l) 1

F3 515.3 288.1 0.56
F5 568.4 357.6 0.63
F6 515.2 312.7 0.61

C4 488.7 299.5 0.61
G5 572.8 358.0 0.63
G7 452.4 272.5 0.60
C8 527.96 312.7 0.59

Hi 486.0 312.7 0.64
112 528.5 345.8 0.65
H7 453.2 256.0 0.56
118 496.8 299.0 0.60

J6 489.0 318.4 0.65
J7 489.0 305.6 0.62
K6 435.7 246.6 0.56
K8 488.6 278.7 0.57

Li 389.9 269.3 0.69
L4 341.3 219.2 0.64

-

~ 
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TABLE 9

RATES OF HEAT INPUT DURING HIGH PULSE TIMES OF SELECTED WELDS,

CALCULATED BY ASSUMING Q (tb
) = 0

Q
Weld During t

No. (cal.s )

P3 2827

F8 2827
Ci 1988

CS 4538

J4 3918

J6 3918

J7 3918

L 

- . 5  _ _
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TABLE 10

COMPUTED RATES OF MOVEMENT OF SOLID LIQUID INTERFACE
FOR THE WELD NO. J-7

Time Elapsed Rate (Rt) Rate (Ru)After ifl.5~
ib Transverse to Weld Axis Along the Weld Axis

TransitIon —1 —l(min.s ) (inin.s )

90 5.55 2.12

130 3.85 2.12

230 3.85 2.12

330 3.85 5.98

430 3.85 13.65

I
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TABLE 11

A LIST OF H, H AND p VALUES FOR ThE WELDS
m

Weld H 1 
Hm 1  U

No. (cai .cm ) 2 Comments

Fl 298.7 —— —— Incomplete penetration
F2 614.5 —— —— Burn through
F3 515.3 137.4 0.27
F4 382.7 70.8 0.18
p5 568.4 180.2 0.32
P6 515.2 150.0 0.29
Fl 383.0 90.6 0.24
F8 342.6 57.3 0.17

Cl 358.5 71.9 0.20
G2 420.0 101.1 0.24
C3 488.7 137.5 0.28
G4 488.7 146.7 0.29
CS 572.8 180.2 0.31
G6 625.5 -— —— Burn through
G7 452.4 127.1 0.28
C8 527.9 154.2 0.29

Hl 486.0 151.1 0.31
112 528.5 172.9 0.33
113 * 105.2 ——
114 3 2 1 . 3  5 3 . 1  0.16
115 369.9 70.8 0.19
H6 408.2 90.6 0.22
117 4 5 3 . 2  118.8 0 . 2 6
118 496.8 143.8 0.29

489.0 118.8 0.24
J2 489.0 122.9 0.25
J3 489.0 —— —— Burn through
j 4 489.0 140.6 0 . 2 9
j 5 4 8 9 . 0  138 .6  0 . 2 8
J6 489.0 154.2 0.31
j7 489 .0 149.0 0.30
.18 472.3 131.3 0.28
J9 625.6 -— -— Burn through
Jl0 449.0 —— —— Burn through
Jil 392.0 —- —— Burn through

_ _  _ _ _ _ _ _  _ _  ~~~~~~~~



TABLE 11 (cont .)

Weld H
No. (cal .cni’) (cal.cm ) 2 Comments

1(1 382.9 72 .9  0.19
1(2 436.3 103.1 0.24
K3 488.8 105.2 0.21 (
K4 541.0 146.9 0. 2 7
1(5 382.6 78.1 0.20
K6 435.7 110.4 0.25
1(7 488.5 120.9 0.25
1(8 488.5 130.2 0.27 -

K9 244.4 —— —— Incomplete penetration
1(10 341.4 109.4 0.32

Li 389.9 147.9 0.38
L2 389.8 —— -— Burn through
L3 244.2  53.1  0 . 2 2
L4 341.3 113.6 0 . 3 3
L5 238 .6  55.~~ 0 .23
L6 238.7 65.6 0.27
L7 272.7 90.6 0.33
L8 318.5 106.3 0.33

c

4i

I

* 5A was too low to determine arc voltage (Figure 4).
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